The adhesion of two Staphylococcus epidermidis strains and one Staphylococcus saprophyticus strain on to poly(tetrafluorethy1ene-co-hexafluorpropylene) (FEP)-fluorocarbon and cellulose acetate was studied in vitru. Both S . epidermidis strains showed a more hydrophobic character than the encapsulated S. saprophyticus as determined by the bacterial affinity towards xylene. Staphylococcus epidermidis showed a significantly higher adhesion on to the hydrophobic FEP than S. saprophyticus. The adhesion of staphylococci on to the more hydrophilic cellulose acetate was always low. Treatment of S. epidermidis with pepsin or extraction with aqueous phenol yielded cells with a decreased hydrophobicity, which resulted in a decreased adhesion on to FEP. Cells with a decreased hydrophobicity showed a lower rate of reaggregation in suspension. The hydrophobicity and the adhesion on to FEP of S. epidermidis were not affected by exposure to a subminimal inhibitory concentration of penicillin. The strong interaction between S . epidermidis and FEP, which appeared not to be influenced by the age or the metabolic stage of the bacteria, is mainly caused by hydrophobic bonding.
INTRODUCTION
The adhesion of bacteria on to mammalian tissue surfaces is recognized as an important initial step in the pathogenesis of an infectious process (Ofek & Beachey, 1980) . Infections associated with prosthetic implants and medical devices might also be preceded by the adhesion of bacteria on these devices. Despite the serious consequences of implant-and device-associated infections, few reports on bacterial adhesion on to biomaterials are available (Holt, 1970; Moore et al., 1980; Locci et al., 1981; Christensen et al., 1982) . The micro-organisms most often involved in such infections are coagulase-negative staphylococci (Garvey, 1980) . Locci et al. (1981) studied the adhesion of S. epidermidis on to various intravenous catheters and indicated that the initial adhesion occurred in irregularities along the otherwise smooth catheter surface from which micro-and macrocolonies developed. Slime-producing staphylococci adhering to such catheters obtained from patients with intravascular catheter-associated infections were cemented in a matrix of unidentified amorphous material, whereas non-slime-producing staphylococci adhered as individual cells not encased in an adhesive layer (Christensen et al., 1982) .
We have studied in vitro the adhesion of three strains of coagulase-negative staphylococci on to two different biomaterials. The materials tested were poly(tetrafluorethy1ene-co-hexafluorpropylene) (FEP), a hydrophobic material used in vascular grafts, intravenous catheters and trachea prostheses, and cellulose acetate (CA), a more hydrophilic material used for the coating of sorbents in haemoperfusion systems.
In order to determine that the two polymer films were not contaminated with bacterial lipopolysaccharide, specimens (10 mm2) obtained before sterilization were incubated at 37 "C in 0.1 ml pyrogen-free physiological saline with 0.1 ml Limulus lysate preparation (Limulus amebocyte lysate, Mallinckrodt, Inc., St Louis, Mo., U.S.A.). No gelation reaction was observed after 1 h. As a positive control the test was performed on specimens contaminated with 0.1 ml of a standard Escherichia coli endotoxin preparation (50 pg ml-l, Mallinckrodt).
Bacterial adhesion and desorption. Circular specimens of the two polymer films were placed into the wells of polystyrene culture dishes (six-well, 35 mm inner diameter, Costar, Cambridge, Mass., U.S.A.), fixed to the bottoms with glass rings (30 mm inner diameter) and rinsed with NaCl/phosphate buffer (3 ml). After the addition of 3 ml bacterial suspension (NaCl/phosphate buffer), films were incubated at 37 "C in a rotary shaker (120 r.p.m.) for 2-5 h. The films were then rinsed eight times with 3 ml amounts of NaCl/phosphate buffer and treated with 4% (wlv) glutaraldehyde in NaCl/phosphate buffer to fix adhering bacteria. The films were finally rinsed with distilled water and dried at room temperature. Adhering bacteria were counted by bright-field microscopy (Olpmpus BHB/PM-lOM, Olympus Optical Co. Ltd, Tokyo, Japan). The number of adhering bacteria per mm2 of the films was determined by examining six 0.05 mm2 areas on each film. When aggregates of bacteria were observed, each aggregate was considered to be one unit. All experiments were performed in duplicate.
To study the influence of pH on the bacterial adhesion, bacteria were suspended in either NaCl/citrate buffer (0.1 M-NaCl and 0.1 M-citrate, pH 3-0), NaCl/acetate buffer (0.1 M-NaCI and 0.1 M-acetate, pH 50), NaCl/ phosphate buffer (0.1 M-NaC1 and 0.1 M-phosphate, pH 7.2), or NaCl/carbonate buffer (0-1 M-NaCl and 0-1 Mcarbonate, pH 9.4). In some experiments, 20 mM-EDTA (disodium salt, Merck) was added to the bacterial suspension.
To study the desorption of adhering bacteria, polymer films were exposed for 2-5 h to suspensions containing either S. epidermidis strain 1 or S. saprophyticus with approximately 5 x los cells ml-', followed by one, eight or sixteen rinses with 3 ml amounts of NaCl/phosphate buffer. The effect of proteolytic enzymes or a chelating agent on desorption was studied as follows. FEP films, exposed for 2.5 h to a S. epidermidis strain 1 suspension containing 1 x lo9 cells d -l , were rinsed eight times with NaCl/phosphate buffer and were subsequently incubated for 1.5 h at 37 "C in NaCl/phosphate buffer (0-1 M-NaCl and 0.1 M-phosphate, pH 8.0) containing 0.1 % (w/v) trypsin (type XI, DPCC-treated; Sigma) or 0-1 % (w/v) a-chymotrypsin (type VII, TLCK-treated; Sigma), or in NaCl/citrate buffer (pH 3.0) containing 0.1 % (w/v) pepsin (Sigma), or in NaCl/phosphate buffer containing 20mM-EDTA. After the treatments, the films were washed three times with NaCl/phosphate buffer. The adhering bacteria were fixed with glutaraldehyde and counted as described above.
Pretreatment of bacteria. The following methods were used to determine the effect of pH, bacterial viability, proteolytic enzymes, a low concentration of penicillin and extraction with aqueous phenol on bacterial reaggregation, cell surface hydrophobicity and adhesion.
To study the influence of pH, bacteria were suspended in buffer solutions as described above.
To obtain non-viable bacteria, bacterial suspensions in NaCl/phosphate buffer containing lo9 to 1O' O cells ml-l were placed in a waterbath at 60 "C for 1 h or incubated in 2% (v/v) formaldehyde at room temperature for 1 h. The bacteria were then sedimented by centrifugation and washed three times with NaCl/phosphate buffer. Samples cultured from either the heat-or formaldehyde-treated bacterial suspensions showed no growth after 48 h.
Exponential phase bacterial cells were incubated for 1.5 h at 37 "C in suspensions containing trypsin, chymotrypsin or pepsin as described above. The suspensions were then chilled rapidly, centrifuged (10000 g, 4 "C, 10 min) and the bacteria were washed three times with ice-cold NaCl/phosphate buffer (pH 7.2). In some experiments 20 m~-E D T A was added to the bacterial suspension.
Lipoteichoic acid (LTA)-deficient bacteria were obtained using two methods. Firstly, the minimal inhibitory concentration (MIC) of penicillin for both S. epidermidis strains was determined by the standard serial twofold dilution technique. The MIC of strain 1 and strain 2 were 7.5 U ml-l and 0.02 U ml-l, respectively. Bacteria were then cultured in TSB containing a subminimal inhibitory concentration of penicillin (0-25 MIC) to stimulate the release of LTA (Alkan & Beachey, 1978) . Bacteria were harvested after 4-5 h incubation at 37 "C and washed as usual. For the second method, bacteria grown in TSB overnight, centrifuged (lOOOOg, 4 "C, 10 min) and washed with distilled water, were extracted using the hot (6548 "C) aqueous phenol method (Westphal et al., 1952; Wicken et al., 1973) modified according to Kessler & Shockman (1979) by the addition of 10 mM-MgC1, to the aqueous phase. Cells harvested by centrifugation (lOOOOg, 4 "C, 10 min) were finally washed three times with NaCl/phosphate buffer.
In order to obtain decapsulated S. saprophyticus, cells were either grown in TSB at 20 "C or 42 "C for 48 h, or were mechanically agitated in NaCl/phosphate buffer at 40 "C for 5 min (Stinson & Van Oss, 1971) .
Preparation of crude lipoteichoic acid. A crude LTA preparation, obtained using the hot aqueous phenol extraction method (Westphal et al., 1952; Wicken et al., 1973) modified according to Kessler & Shockman (1979) was dialysed against demineralized water at 4 "C for 48 h. Desoxyribonuclease (type I, Merck), and ribonuclease (Merck) were added to digest polynucleotides prior to further dialysis at 4 "C for 15 h. The crude LTA was
Optical densities of bacterial suspensions as a function of time. Staphylococcus epidermidis strain 1 (0) and S. saprophyticus (0) suspensions were prepared from bacteria grown in TSB at 37 "C for 4.5 h. Bacteria were washed, and suspended in NaCl/phosphate buffer, pH 7.2, and filtered through a membrane filter (pore size 8 pm). Staphylococcus epidermidis strain 1 was pretreated with pepsin (0) and strain 2 with hot aqueous phenol (.o). Staphylococcus epidermidis strain 1 was also suspended in 20 mM-EDTA Yy.
concentrated using a rotary evaporator (model RV 4, Buhler, Tubingen, Germany), lyophilized (Edwards, Crawley, Sussex) and stored at 4 "C.
The crude LTA was added to suspensions of bacteria in NaCl/phosphate buffer to a final concentration of 0.5 % (w/v). Films of FEP were treated with solutions of crude LTA in NaCl/phosphate buffer (1 mg ml-l) for 1 h at room temperature. The fdms were then rinsed carefully with buffer for 15 min avoiding air contact with the polymer surfaces. Contact angles for these specimens were 104" f 2" (mean f S.D. of ten measurements).
Statistical methods. For calculations of P values the Student's t-test of significance between two sample means was used (Fisher & Yates, 1957) .
RESULTS

Reaggregation of bacteria
Optical density values of S. epidermidis suspensions decreased at a higher rate than those of S. saprophyticus (Fig. 1) . Plots of the decrease in OD of S. epidermidis strain 1 suspensions were similar for pH values ranging from 5-0 to 9.4. However, in NaCl/citrate buffer, pH 3-0, S. epidermidis rapidly reaggregated to macroscopic clusters. Suspensions prepared from S. epidermidis cells extracted with aqueous phenol or treated with pepsin showed only a minimal decrease in OD (Fig. 1) . The OD plots of suspensions containing bacteria treated with trypsin or chymotrypsin, or grown in TSB containing 0.25 MIC of penicillin were similar to those of nontreated bacteria grown in TSB. An initial decrease in OD which levelled out after approximately 1.5 h was observed when EDTA was added to the bacterial suspension ( Fig. 1) .
Bacterial cell surface hydrophobicity
The affinities of the three staphylococcal strains towards xylene are presented in Fig. 2 . Both S. epidermidis strains, but not S . saprophyticus, exhibited high affinity towards xylene ( Fig. 2a) . Treatment of both S. epidermidis strains with pepsin resulted in a substantially decreased xylene affinity, whereas trypsin or chymotrypsin had no effect (Fig. 2b) . The cell surface hydrophobicity of bacteria suspended in pepsin-free NaCl/phosphate buffer, pH 3.0, and subsequently resuspended in NaCl/phosphate buffer, pH 7.2, was unchanged. Extraction with aqueous phenol was performed using S . epidermidis strain 2. The extracted cells showed a decreased affinity towards xylene. Adding 0.5 % (w/v) crude LTA to a S . epidermidis suspension also decreased the xylene affinity of the bacteria (Fig. 2c) . Bacteria 
Adhesion of bacteria
Higher numbers of S . epidermidis strain 1 adhered on to FEP when exposure times were prolonged and when the initial cell concentration was increased (Fig. 3 ). Saturation coverage of S. epidermidis was always reached after 2 h exposure time with bacterial cell concentrations of lo7 cells ml-1 or more. In all further experiments an exposure time of 2.5 h was used. Exponential phase bacteria adhered in the same number as stationary phase bacteria. In further experiments exponential phase bacteria were used. Similar numbers of S. epidermidis adhered on to FEP at pH values of 5447.2 and 9-4. Adhesion of S . epidermidis strain 1 on to CA was much less than on to FEP (Fig. 4a) . The numbers of this micro-organism adhering on to polymer films appeared to be dependent on the initial bacterial cell concentrations, in contrast to the numbers of adhering S. saprophyticus (Fig. 4b) . Effect of pretreatment of S . epidermidis (strain 1) 
and S. saprophyticus on adhesion on to FEP-fluorocarbon
Specimens of the polymer films were incubated with bacterial suspensions in NaCl/phosphate buffer, containing 5 x lo* or 1 x lo9 cells ml-I for 2.5 h at 37 "C and rinsed eight times with 3 ml amounts of buffer. Further details on pretreatment of bacteria are given in Methods. * Significant (P < 0.001) difference between control and test. Other differences were not significant (P > 0.1).
Eflect of pretreatment of bacteria on adhesion
Heat-killed or formaldehyde-fixed S . epidermidis strain 1 and S . saprophyticus adhered on to both polymer films to the same extent as the viable bacteria. No significant differences in the adhesion of the S. epiderrnidis strains and S. saprophyticus on to FEP were observed between trypsin-or chymotrypsin-treated cells and non-treated cells. Pepsin-pretreatment of S . epidermidis strongly reduced their adhesion on to FEP as compared to non-treated bacteria ( Table 1) . The presence of EDTA in the suspension during the adhesion test did not affect bacterial adhesion on to FEP (result not shown). Staphylococcus saprophyticus cells, either mechanically agitated in warm saline (Stinson & Van Oss, 1970) , or grown at 20 "C or 42 "C in Adhesion of staphylococci to bwmaterials Table 2 
. Lipoteichoic acid-related efects on the adhesion of S. epidermidis (strain 2) on to FEP-fluorocarbon and CA
The polymer films were incubated for 2.5 h at 37 "C with NaCl/phosphate suspensions containing 1 x lo9 cells of S. epidermidis strain 2 ml-l, which were either non-treated, exposed to 0.25 MIC penicillin, or treated with hot aqueous phenol. Crude LTA was added to the bacterial suspensions in a final concentration of 0.5 % (w/v). The polymer films were preincubated with crude LTA in NaCl/phosphate buffer (1 mgml-l) for 1 h at room temperature. Further details are given in Methods.
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x No. of adhering bacteria (mm film)-2 f S.D. * Significant (P < 0-001) difference between control and test. Other differences were not significant (P > 0.2).
Table 3. Desorption of bacteria from FEP-fluorocarbon or CA
The polymer films were incubated with bacterial suspensions in NaCl/phosphate buffer containing 5 x lo8 cells ml-l for 2-5 h at 37 "C and rinsed once, eight or sixteen times with 3 ml amounts of buffer. FEP films were also incubated with bacterial suspensions containing 1 x lo9 cells ml-l, washed eight times with 3 ml of NaCl/phosphate buffer and further incubated in enzyme-containing solutions or in a solution of EDTA for 1-5 h at 37 "C and then rinsed three times with NaCl/phosphate buffer. Further details are given in Methods.
x Initial concn of * Significant (P < 0.001) difference between control (film washed once, or treatment with enzymefree buffer) and test reactions. Other differences were not significant (P > 0-2).
f Data obtained by treatment of films with enzyme or EDTA-free NaCl/phosphate buffer or NaCl/ citrate buffer were used as control and were not significantly different from data obtained with nontreated films.
order to obtain decapsulated bacteria, showed no significantly different adhesion on to either FEP or CA as compared to non-treated cells. In India ink wet-film preparations no decapsulated cells were seen.
Lipoteichoic acid related eflect on adhesion
Staphylococcus epidermidis strain 2 exposed to 0-25 MIC penicillin to stimulate LTA release, adhered to the same extent on to either FEP or CA as bacteria not exposed to penicillin (Table  2) . However, S. epidermidis strain 2 obtained after hot aqueous phenol treatment to extract LTA, adhered in lower numbers on to FEP than non-extracted bacteria. Addition of crude LTA to the S . epidermidis (strain 2) suspension decreased the bacterial adhesion on to FEP. Crude LTApreincubated FEP films had a lower water contact angle (104" f 2") than non-treated films (108" f 2") . Adhesion of S. epidermidis strain 2 on to such LTA-treated films was less than on to untreated FEP films.
Desorption of adhering bacteria
After frequent rinses, the numbers of S . epidermidis strain 1 adhering on to CA decreased significantly, but the numbers of bacteria adhering on to FEP were not reduced. The numbers of S. saprophyticus adhering on to either of the polymer films were not lowered after repeated rinses ( Table 3) .
Pepsin treatment of FEP films with adhering S . epidermidis strain 1 resulted in a significant desorption of bacterial cells, whereas trypsin, chymotrypsin or EDTA treatment did not reduce the number of adhering bacteria ( Table 3) .
DISCUSSION
The results demonstrated, that the encapsulated strain of Staphylococcus saprophyticus showed a hydrophilic character, as determined by the method of Rosenberg et al. (1980) . These cells reaggregated slightly and adhered much less to FEP-fluorocarbon films than those of the two other hydrophobic Staphylococcus epidermidis strains. Staphylococcus epidermidis, rendered less hydrophobic by exposure to pepsin, showed reaggregation patterns and adhesion on to FEP similar to S . saprophyticus. These findings suggest that the occurrence of spontaneous reaggregation of staphylococci and their ability to adhere on to the hydrophobic polymer film was related to the presence of hydrophobic cell surface constituents. The mechanism involved in both phenomena might be hydrophobic bonding (Magnussen, 1982; Doyle et al., 1982) , although the bacterial reaggregation can also be affected by differences in the bacterial cell surface charge. Adhesion of staphylococci on to the more hydrophilic CA films was always low and not directly related to the bacterial cell surface hydrophobicity.
The cell surface constituents of the staphylococci involved in the adhesion on to the polymers are unknown. Recently, slime produced by S. epidermidis was suggested to play a major role in the adhesion of this species on to biomaterial surfaces (Christensen et al., 1982) . However, we used non-slime-producing staphylococcal strains. The interaction of Staphylococcus aureus with epithelial cells is reported to be mediated by teichoic acid (Aly et al., 1980) . Lipoteichoic acid is thought to be involved in the adhesion of group A streptococci to epithelial cells (Ofek et al., 1975) . Staphylococci, deficient in LTA after extraction with hot aqueous phenol showed a decreased adhesion on to FEP suggesting the involvement of LTA in the adhesion process. However, extraction of a staphylococcus and a streptococcus strain with hot aqueous phenol removed only 10% of their total LTA content (Huff, 1982) , whereas constituents other than LTA are also extracted (Silvestri et ul., 1978) . Therefore, the decrease in hydrophobicity and the reduced adhesion of the extracted cells might be due to the removal of constituents other than LTA or to conformational changes of surface molecules.
Gram-positive bacteria exposed to subinhibitory concentrations of cell-wall active antibiotics are depleted in their LTA or teichoic acid contents (Alkan 8z Beachey, 1978; Ramirez-Ronda et al., 1981) . In our study, staphylococci exposed to a subinhibitory concentration of penicillin showed no change in their hydrophobicity and adhered on to FEP as did cells not exposed to penicillin, confirming the results obtained by Wadstrom et al. (19Sl) , who showed that release of LTA did not change the hydrophobicity of staphylococci. Our results indicate that LTA is not a mediator in the adhesion of staphylococci on to FEP, although the adhesion of S . epidermidis on to FEP films which has been preincubated with crude LTA extracted from staphylococci was reduced. However, this reduction can be explained by a decreased hydrophobicity of the polymer film as determined by contact angle measurements. Because pepsin treatment of 5'. epidermidis decreased adhesion and caused desorption of adhering staphylococci, it is likely that protein-containing constituents are involved in the interaction of staphylococci with FEP.
The adhesion of a Gram-negative marine Pseudornonas species on to various polymer surfaces was correlated with the polymer surface hydrophobicity (Fletcher & Loeb, 1979) . The number of adhering bacteria increased with increasing hydrophobicity of the polymers tested. Absolom et al. (1979) reported that surface hydrophobicity (i.e. contact angle) was inadequate as a parameter for the prediction of cellular adhesion on to solid surfaces. They proposed instead that the change in Helmholtz free energy for the overall cellular adhesion process is the appropriate parameter. These authors found that the cell adhesion on to different substrates was also dependent on the surface tension of the liquid medium in which the cells were suspended and the surface tension of the cells. The surface tension of the hydrophobic S . epidermidis strain is less than that of the suspending liquid (NaCl/phosphate buffer). Therefore, our finding that adhesion of S . epidermidis on to FEP was greater than to the less hydrophobic CA was in agreement with their results. The surface tension of the more hydrophilic S . saprophyticus and of the pepsin-treated or aqueous phenol-extracted S . epidermidis might be close to that of the suspending liquid, which could explain the low adhesion of these micro-organisms on to both polymer materials (Hogt et al., 1982) .
The adhesion of S . epidermidis to FEP showed plateau values related to exposure time and cell concentration, suggesting an equilibrium Langmuir-type adhesion. However, such an equilibrium is only reached if the adhesion of S. epidermidis is reversible, which is uncertain. Srinivasan & Ruckenstein (198 l) , proposing a kinetic model for the adhesion of cells on to solid surfaces, suggested that the rate of adhesion will be governed by the existing potential energy barriers, provided that the total free energy change for adhesion is negative. Cells interact with a surface via Van der Waals attractive forces and forces associated with electrostatic double layers. The latter are usually repulsive and might generate a substantial energy barrier for adhesion (D.L.V.0.-theory). The plateau values observed in the adhesion of S. epidermidis to FEP might be kinetically controlled by the increasing potential energy barrier due to the coverage-induced heterogeneity occurring during the adhesion process. Differences in the rate of reaggregation of the test strains in suspension can also be described using the D.L.V.0.theory (Curtis, 1969) . The presence of the hydrophilic capsule in S . saprophyticus or the changes in S . epidermidis surface constituents due to pepsin treatment or due to extraction with aqueous phenol, might increase the electrostatic repulsion between micro-organisms, thereby limiting the amount of effective collisions and the rate of reaggregation.
Apart from electrostatic and dispersion forces, additional interactions are possible for bacteria in close contact with surfaces (Marshall et al., 1971) . Our findings suggest that the adhesion of S. epidermidis on to FEP was probably caused by hydrophobic bonding which is not or only slightly affected by the age and the metabolic stage of the bacteria. More studies of this sort with encapsulated and unencapsulated organisms are required before generalizations can be made.
Because after insertion of implants or use of medical devices, most artificial surfaces are rapidly covered by a protein layer (Feijen et al., 1979) , the adhesion of staphylococci on to protein-coated polymers is currently being investigated.
